Human renal cell carcinoma (RCC) is a highly vascularised tumour involving high levels of vascular endothelial growth factor (VEGF) and other proangiogenic factors. However, some subtypes of RCC have also been correlated with alterations in cellular signalling pathways. For instance, papillary RCC is often associated with alterations in signalling pathways that depend on the Met tyrosine kinase membrane receptor. Still, other subtypes are due to genetic alterations. A case in point is clear cell renal carcinoma, the most common form of renal cancer, representing 75% of all RCCs. In particular, this RCC subtype has been attributed to deletion of the von Hippel Lindau (*VHL*) gene ([@bib17]) -- an event that causes hyperactivity of the hypoxia inducible factor 1 and production of angiogenic factors, such as VEGF and platelet-derived growth factor (PDGF; [@bib1]; [@bib37]; [@bib2]). Several therapies directed against VEGF and the mammalian target of rapamycin (mTOR) pathways have become a standard of care in metastatic RCC. For instance, sunitinib is currently being used as a first-line treatment for metastatic RCC. In particular, this oral multi-targeted receptor tyrosine kinase inhibitor (TKI) works by targeting various receptors, including VEGFRs and PDGFRs ([@bib32]). Another selective analogue is everolimus (RAD001). This oral drug selectively inhibits mTOR -- a serine--threonine kinase that regulates cellular metabolism, growth, proliferation, and angiogenesis. Despite the improved outcomes observed in clinical trials using VEGF-targeted therapies, several important treatment issues need to be considered. For instance, the survival benefit is still extremely inconsistent among patients. Furthermore, the adverse effects following such treatments often limit the administration of such inhibitors and no predictive biomarkers have yet been validated. In addition, resistance to VEGFRs and mTOR blocking agents often arises even in responders, most likely because of altered signalling alterations. Among these are endothelial genomic instability, ineffective target inhibition, hypoxia inducible factor 1 upregulation with downstream effects on proangiogenic signalling molecules, activation of alternative angiogenic pathways, and mTORC2 upregulation ([@bib36]).

The Hedgehog (Hh) signalling pathway, which is broadly active in early embryonic development, orchestrates tissue patterning in vertebrates and invertebrates. Later in life, Hh signalling is however restricted, and, in adulthood, it presumably maintains stem cell populations and/or early progenitor cells. The Hh pathway can be stimulated by three Hh ligands: sonic hedgehog (Shh), Indian hedgehog (Ihh), or Desert hedgehog (Dhh). When these ligands bind to Patched (Ptch), a 12-pass transmembrane protein that functions as a repressor of the pathway, the inhibition of Smoothened (Smo) by Ptch is relieved. Activated Smo in turn initiates a downstream signalling cascade leading both to the activation of transcription factors belonging to the Gli family (Gli-1, 2, 3) and to the transcription of Gli target genes such as *GLI-1*, *PTCH*, *HIP1*, D-type cyclins, *BMI1*, and *BCL2* ([@bib43]). To date, multiple lines of evidence support the idea that Hh signalling has a role in the maintenance and progression of several human cancers, including medulloblastoma, basal cell carcinoma (BCC), lung, pancreatic, breast, and renal cancers. Nonetheless, its underlying molecular mechanisms of action still remain controversial. What is known so far, however, is that the Hh signalling pathway is altered in pancreatic and colorectal cancers, and melanomas ([@bib8]). These pathologies are coupled with increased expression of numerous target genes that regulate various processes including cell proliferation, cell differentiation and cell death, extracellular matrix interactions, and angiogenesis ([@bib28]). Shh/Gli-1 pathway components have also been correlated with the promotion of epithelial-to-mesenchymal (EMT) transition -- a process that is associated with increased invasion and metastatic capabilities ([@bib46]). In human RCC, the Hh signalling pathway is often constitutively reactivated in tumours independently of the expression of the VHL tumour suppressor gene ([@bib13]). Indeed, evidence for Hh involvement is that, whereas Shh recombinant treatment enhances RCC cell proliferation, treatment with the Smo inhibitor cyclopamine inhibits tumour growth ([@bib3]), causes decreased invasion, and impairs metastatic potential, events that are mediated by the downregulation of Neuropilin-1 -- a proangiogenic cell surface glycoprotein ([@bib6]).

Based on this corroborating evidence, scientists have put forward the hypothesis that the inhibition of the Hh pathway could constitute an effective therapeutic approach against cancer. In this regard, few drugs have so far been investigated for their potential inhibitory activity. Cyclopamine, one of the first drugs to be tested for its Hh signal inhibitory properties, acts by selectively binding to Smo ([@bib26]), thereby inhibiting cell proliferation and inducing apoptosis in cancer cells with reactivated Hh/Gli ([@bib20]; [@bib41]). Another Smo antagonist is GDC-0449 (vismodegib). This small molecule, which also selectively binds to Smo, blocks intracellular signalling through inhibition of Gli-1 and related targeted genes, thereby interfering with tumour growth and survival. Remarkably, vismodegib is the first Hh inhibitor to have been clinically approved by the FDA for the treatment of BCC. In a recent multicentre open-label phase II trial, it produced a response rate of 30% in patients with metastatic BCC and of 43% in patients with locally advanced BCC, whereas complete response was seen in 21% of patients with locally advanced BCC ([@bib40]). Owing to these encouraging results, it is currently under clinical evaluation for an array of other cancer types including metastatic colorectal cancer, small-cell lung cancer, gastric cancer, pancreatic cancer, medulloblastoma, and chondrosarcoma ([@bib15]). However promising and encouraging these results are, there is still a pressing need in clinical and preclinical research to gain a deeper understanding of the mechanisms underlying the phenomenon of drug resistance in several cancer types including RCC. The lack of a successful therapeutic strategy that could actually overcome RCC acquired resistance to targeted agents was what prompted us to investigate the role of Hh signalling. In this study, we evaluated the effects of NVP-LDE225 (erismodegib) -- a selective and orally bioavailable Smo antagonist that inhibits the Hh signalling pathway via antagonism of the Smo receptor ([@bib16]) -- on growth and invasion of human RCC cell lines, both *in vitro* and *in vivo*. Equally important, we examined whether NVP-LDE225 combined with sunitinib or everolimus could emerge as a novel therapeutic strategy potentially able to overcome RCC resistance to sunitinib.

Materials and Methods
=====================

Compounds
---------

NVP-LDE225, everolimus, sunitinib, and GANT-61 were purchased from Selleck Chemicals, Munich, Germany.

Cell cultures
-------------

ACHN, 786-O and 769-P human clear RCC cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and were maintained as previously described ([@bib11]). 786-O SuR (sunitinib-resistant) cells were generated through a validated protocol of *in vivo/in vitro* selection, as described in the animal study section.

MTT survival assay
------------------

Cells (10^4^ cells per well) were grown in 24-well plates and exposed to increasing doses of NVP-LDE225, everolimus, and sunitinib, alone or in combination. The percentage of cell survival was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).

Western blot analysis
---------------------

Cell protein extracts were prepared from tumour cells cultured for 24 h in the presence or absence of NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (1 *μ*[M]{.smallcaps}), and sunitinib (1 *μ*[M]{.smallcaps}). Total cell lysates from cell cultures or tumour specimens were resolved by 4--15% SDS-PAGE and probed with anti-human monoclonal Gli-2, pMAPK, MAPK, Vimentin, N-cadherin and E-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), polyclonal Gli-1, p-paxillin, paxillin, pAkt and Akt (Cell Signaling Technologies, Beverly, MA, USA), monoclonal pp70S6K and p70S6K (Upstate Millipore, Billerica, MA, USA) and monoclonal actin (Sigma-Aldrich, Milan, Italy). Immunoreactive proteins were visualised by enhanced chemiluminescence (Pierce, Rockford, IL, USA) ([@bib35]). Densitometric analyses were performed with ImageJ software (US National Institutes of Health, Bethesda, MD, USA); results were normalised for *β*-actin.

Wound-healing assay
-------------------

Cancer cell line monolayers, grown to confluence on gridded plastic dishes, were wounded by scratching them with a 200-*μ*l pipette tip and then cultured in the presence or absence of NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (0.5 *μ*[M]{.smallcaps}), and sunitinib (1 *μ*[M]{.smallcaps}) for 24 h. Under these conditions, all drugs inhibited cell proliferation. The wounds were photographed ( × 10 objective) at 0 and 24 h, and healing was quantified by measuring the distance between the edges using Adobe Photoshop (v.8.0.1; Adobe Systems, Inc., San Jose, CA, USA). The results are presented as the percentage of the total distance of the original wound enclosed by cells.

Invasion assay
--------------

NIH3T3 murine fibroblasts monolayers were grown to confluence in 24-well plates and permeabilised with 500 *μ*l per well DMSO for 1 h. Renal cell carcinoma cells were juxtaposed on fibroblast monolayers and allowed to grow in the presence or absence of NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (0.5 *μ*[M]{.smallcaps}), and sunitinib (1 *μ*[M]{.smallcaps}). After 24 h--96 h, cells were first incubated with 0.2% trypan blue/phosphate-buffered saline (PBS) for 15 min and then lysed with 100 *μ*l of 1% SDS/PBS. Finally, to quantify invasion, absorbance was measured at 610 nm.

Drop evasion assay
------------------

Renal cell carcinoma cells were harvested from culture according to standard protocols. Cell concentration was then adjusted to ∼5000 cells per μl (5 × 10^6^ ml^−1^). Matrigel was added to the cell suspension (ratio 2 : 1). Drops of the cell/matrigel suspension were formed in six-well plates and were incubated for ∼30 min at 37 °C until solidification. After addition of complete medium (2 ml), cells were treated with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (0.5 *μ*[M]{.smallcaps}), and sunitinib (1 *μ*[M]{.smallcaps}). After 24--48 h, pictures of each drop were taken.

Determination of VEGF concentrations through enzyme-linked immunosorbent assay
------------------------------------------------------------------------------

Anti-human VEGF (hVEGF) polyclonal antibody (R&D Systems, Minneapolis, MN, USA), diluted at 1 *μ*g ml^−1^ in PBS, pH 7.5, was used to coat a 96-well plate, 100 *μ*l per well, overnight at 4 °C. Washings, dilutions of standards (recombinant hVEGF) and samples (tumour extracts of killed mice), biotinylation, and mixtures with preformed avidin and biotinylated HRP macromolecular complex (Vectastain kit) were performed as previously described ([@bib14]). Absorbance was measured at 490 nm on a microplate reader (Bio-Rad, Hercules, CA, USA). Vascular endothelial growth factor concentrations were determined by interpolation of the standard curve using linear regression analysis.

Nude mice cancer xenograft models
---------------------------------

For *in vivo* studies, 786-O SuR cells were used. These cells were obtained through a validated protocol of *in vivo/in vitro* selection following daily exposure to the drug, as recently described ([@bib31]). Briefly, 786-O cells were injected subcutaneously (s.c.) into nude mice. Then, when tumours reached the size of ∼1 cm^3^, mice were treated once daily with sunitinib (40 mg kg^−1^) for 8 weeks. Tumours progressing under treatment with sunitinib were excised and then digested with a specific enzymatic solution. Afterwards, tumour cells were recovered for *in vitro* growth and evaluated for sensitivity to sunitinib using MTT assay. Cells growing despite the presence of the drug (5 *μ*[M]{.smallcaps}) were considered resistant. Five-week-old Balb/c athymic (nu+/nu+) nude mice (Charles River Laboratories, Milan, Italy) were maintained in accordance with the institutional guidelines of the University of Naples Animal Care Committee. In brief, they were injected s.c. with 786-O SuR cells (10^7^ cells per mice) re-suspended in 200 *μ*l of Matrigel (CBP, Bedford, MA, USA). Fourteen days later, when tumours reached the volume of ∼0.5 cm^3^, groups of 10 mice each were randomised to receive the following medications: NVP-LDE225 (20 mg kg^−1^, p.o.) once daily for 3 weeks, everolimus (5 mg kg^−1^, p.o.) once daily for 3 weeks, sunitinib (40 mg kg^−1^, i.p.) once daily for 3 weeks, or their combinations. Tumour volume (cm^3^) was measured using the formula *π*/6 × larger diameter × (smaller diameter)^2^, as previously reported ([@bib38]).

Experimental metastasis assay
-----------------------------

Before inoculation with 786-O SuR cells, mice (six mice per group) were treated with either NVP-LDE225 (20 mg kg^−1^ p.o.), everolimus (5 mg kg^−1^ p.o.), sunitinib (40 mg kg^−1^ i.p.), or their combinations. Mice were inoculated with 30 × 10^5^ cells via tail vein injection, followed by treatment with NVP-LDE225, everolimus, sunitinib, or their combination for 7 consecutive days. All mice were killed on day 21 ([@bib27]). Human DNA in mouse lungs was measured by quantifying *Alu* sequences through PCR, as previously described ([@bib39]).

Immunohistochemical assay
-------------------------

Excised tumours were split in two halves and immediately fixed in 10% buffered formalin solution. Twelve hours later, tissues were embedded in paraffin in an automated tissue processor. Sections (4--5 *μ*m) were then cut with a serial microtome and mounted on adhesive poly-L-lysine-coated slides. After being dried in an oven at 40 °C for 8 h, the slides were processed for immunohistochemistry (IHC) in a semi-automated machine (Menarini Bond Max, Menarini, Florence, Italy) with the following antibodies: Vimentin, Mib-1, and CD31 (Novocastra, Newcastle, UK). IHC scores for Vimentin were obtained by multiplying the intensity of cytoplasmic staining (1+ for weak, 2+ for moderate, and 3+ for strong staining) by the percentage of positive neoplastic cells, as measured on 10 contiguous high power ( × 40) microscopic fields (HPF). Similarly, IHC scores for CD31 were obtained by multiplying the intensity of cytoplasmic staining (1+ for weak, 2+ for moderate, and 3+ for strong staining) by the percentage of tumour vessels. Finally, IHC scores for Mib-1 were obtained by counting the percentage of positive nuclei in 10 HPF and by expressing its value as a percentage.

Immunofluorescence and confocal microscopy
------------------------------------------

For immunofluorescence assay, 786-O SuR cells (40 000 per well) were plated in 12-well plates, previously covered with a glass cover slide (BD Biosciences, San Jose, CA, USA). Then, cells were treated with NVP-LDE225, everolimus, or sunitinib, alone or with their combinations. After 24 h of treatment, cells were fixed with freshly prepared 4% paraformaldehyde in PBS, permeabilised with 0.2% Triton X-100 for 5 min, and then rinsed three times with 1% bovine serum albumin in PBS. Cells were then incubated with a primary antibody for 1 h at room temperature (p-paxillin, Cell Signaling Technologies), and then with a fluorescently labelled secondary antibody (Cy2-AffiniPure Donkey Anti-Rabbit IgG, LiStarFish, Milan, Italy). Focal adhesion points were evaluated by fluorescent staining of p-paxillin. Phalloidin-FITC (25 *μ*g ml^−1^) was obtained from Sigma-Aldrich (St Louis, MO, USA) and was used to visualise the actin cytoskeleton organisation of 786-O SuR cells. Slides were mounted with 50% glycerol in PBS and imaged with a Zeiss LSM 510 meta confocal microscope (Zeiss, Oberkochen, Germany) equipped with an oil immersion plan apochromat × 63 objective 1.4 NA. Quantification of focal adhesion points was performed using ImageJ software (US National Institutes of Health NIH, Bethesda, MD, USA).

Statistical analysis
--------------------

The results of all *in vitro* experiments were analysed with the Student *t*-test and expressed as means and s.d. for at least three independent experiments performed in triplicate. One-way ANOVA and Dunnett\'s multiple comparison post test determined the statistical significance of tumour growth, whereas the log-rank test determined the statistical significance of mice survival. All reported *P*-values were two-sided. Analyses were done with the BMDP New System statistical package version 1.0 for Microsoft Windows (BMDP Statistical Software, Los Angeles, CA, USA).

Results
=======

Inhibition of the Hh pathway by NVP-LDE225 potentiates the antiproliferative effects of everolimus and sunitinib in human RCC cell lines
----------------------------------------------------------------------------------------------------------------------------------------

The expression of Hh transducers has been described in different human cancer cell lines ([@bib21]; [@bib34]; [@bib42]). Accordingly, we examined the basal protein expression of Gli-1, Gli-2, and Smo in 786-O and 769-P cells RCC cell lines, both in VHL-mutated cells and in VHL wild-type ACHN cells. Furthermore, the protein expression of all three transducers was also examined in 786-O SuR cells, generated through a validated protocol of *in vivo* selection ([@bib31]). The expression levels of Gli-1, Gli-2, and Smo were similar in all cell lines ([Figure 1A](#fig1){ref-type="fig"}). Then to assess the functional role of the Hh pathway, we studied the effects of the Smo inhibitor NVP-LDE225 on RCC cell line proliferation. All tested cancer cells were inhibited by the drug in a concentration-dependent manner, with an IC~50~ ranging between 2 and 3 *μ*[M]{.smallcaps} ([Figure 1B](#fig1){ref-type="fig"}). Indeed, western blot revealed that NVP-LDE225 at a concentration of 5 *μ*[M]{.smallcaps} not only moderately reduced Gli-1 expression by ∼60%, but also moderately inhibited the activity of two well-known transducers of cell proliferation and survival, Akt and MAPK, by ∼40%. Moreover, Gli-2 expression decreased in a concentration-dependent manner ([Figure 1C](#fig1){ref-type="fig"}).

We next evaluated the effects of NVP-LDE225 in combination with the mTOR inhibitor everolimus and the VEGFR TKI sunitinib. As shown in [Figure 2](#fig2){ref-type="fig"}, single-agent treatment with everolimus or sunitinib was effective against RCC cell lines. In particular, whereas everolimus alone inhibited cell proliferation with IC~50~ values ranging between 0.1 and 1 *μ*[M]{.smallcaps} ([Figure 2A](#fig2){ref-type="fig"}), sunitinib inhibited cell proliferation with IC~50~ values ranging between 1.5 and 2.5 *μ*[M]{.smallcaps} ([Figure 2B](#fig2){ref-type="fig"}), as previously demonstrated ([@bib11]). To test the drugs at their equipotent ratio, we used these data to determine the appropriate concentrations for the combination treatments. Specifically, the combination of NVP-LDE225 and everolimus moderately inhibited RCC proliferation. The IC~50~ doses for this combined treatment were 2.5 and 1 *μ*[M]{.smallcaps} for NVP-LDE225 and everolimus, respectively ([Figure 2A](#fig2){ref-type="fig"}). On the other hand, combination of NVP-LDE225 and sunitinib, compared with everolimus, induced a lower antiproliferative effect at all tested doses. The concentration required for the IC~50~ was 2 *μ*[M]{.smallcaps} for both drugs ([Figure 2B](#fig2){ref-type="fig"}). Interestingly, the inhibitory effect of such combinations was also observed in resistant 786-O SuR cells. Addition of NVP-LDE225 to everolimus or sunitinib elicited changes in the expression of some intracellular transducers, as revealed by western blot analysis. Gli-1 expression was decreased in all cell lines, whereas the activity of Akt, p70S6K, and MAPK was reduced by both combination treatments in 786-O and 769-P cells ([Figures 2A and B](#fig2){ref-type="fig"}). In 786-O SuR cells, Akt and p70S6K activation was inhibited by the combination of NVP-LDE225 and everolimus, but not by the combination of NVP-LDE225 and sunitinib. However, a statistically significant reduction in MAPK activation was observed when the Hh inhibitor was added to either everolimus or sunitinib ([Figures 2A and B](#fig2){ref-type="fig"}).

To better evaluate the antiproliferative effect of the interaction between NVP-LDE225 and the two drugs, we measured the combination index (CI) ([@bib10]) using an automated calculation software. Based on this mathematical model, the combination is considered synergistic when the CI\<1.0 and is highly synergistic when the CI\<0.5. Remarkably, NVP-LDE225 combined with everolimus or sunitinib synergistically produced an antitumour action in all cell lines ([Supplementary Table 1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S1A and S1B](#sup1){ref-type="supplementary-material"}).

In addition, we investigated the direct role of Gli-1/2 inhibition in RCC tumour growth. To this aim, instead of examining the indirect effect of NVP-LDE225 on Gli-1 modulation, we studied the antiproliferative activity of another selective inhibitor, namely GANT-61, a small molecule able to specifically inhibit both Gli-1 and Gli-2 ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). We found that GANT-61 had almost no effect on the proliferation of all cell lines tested, requiring an IC~50~ of up to 25 *μ*[M]{.smallcaps}, a concentration likely associated with cytotoxicity. Even when combined with everolimus or sunitinib, GANT-61 induced no changes in proliferation compared with single-agent treatments ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}), thereby suggesting that upstream Smo-dependent inhibition of the Hh pathway is more efficient than selective Gli inhibition.

NVP-LDE225 cooperates with everolimus and sunitinib to inhibit migration and invasion of RCC cells
--------------------------------------------------------------------------------------------------

As activated Hh might enhance tumour invasiveness rather than proliferation ([@bib24]; [@bib5]), we evaluated the effect of NVP-LDE225, everolimus, and sunitinib alone or in combination on cell migration and invasion capabilities. To this aim, we carried out wound-healing and fibroblasts monolayer invasion assays, respectively. As depicted in [Figure 3A](#fig3){ref-type="fig"}, which shows the wound-healing closure percentages between untreated and treated cells, the combination of NVP-LDE225 and everolimus was more effective than single drug treatments (*P*-values reported in [Supplementary Table 2A](#sup1){ref-type="supplementary-material"}). Similarly, the combination of NVP-LDE225 and sunitinib was also effective in inhibiting the migration capability of RCC cells, albeit to a lower extent than everolimus (*P*-values reported in [Supplementary Table 2B](#sup1){ref-type="supplementary-material"}). Interestingly, when the resistant 786-O SuR cell line was treated with NVP-LDE225, they were significantly resensitised to sunitinib (*P*-values reported in [Supplementary Table 2C](#sup1){ref-type="supplementary-material"}). Representative pictures of scratches on cell cultures with and without treatments, at different time point (0 and 24 h) are depicted in [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}.

The analysis of tumour cell invasion also demonstrated some relevant changes induced by the drug combinations, as shown in [Figure 3B](#fig3){ref-type="fig"}, which reports the percentage of invasion of a human fibroblast monolayer by tumour cells. In particular, we found that although both combinations, that is, NVP-LDE225 plus everolimus or sunitinib, effectively inhibited tumour cell invasion capability, everolimus plus NVP-LDE225 had a major effect (*P*-values reported in [Supplementary Table 2A--C](#sup1){ref-type="supplementary-material"}). In [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, we depict representative drops of RCC cells/matrigel with and without treatments with NVP-LDE225, everolimus, sunitinib, or their combination, at different time point.

Besides inhibiting tumour cell invasion, addition of NVP-LDE225 to everolimus or sunitinib also reduced the expression of the phosphorylated/activated forms of proteins involved in cell migration/invasion, including FAK and paxillin, which displayed variable entity among the different cell lines tested ([Figures 3C and D](#fig3){ref-type="fig"}).

Actin cytoskeleton organisation of 786-O SuR cells was analysed by confocal microscopy. Actin-based structures were revealed by phalloidin, whereas localisation of focal adhesion points was achieved by fluorescent staining of p-paxillin. *β*-actin and p-paxillin were well organised in untreated cells; instead, the single-agent treatments were able to mildly disassemble cytoskeleton organisation and focal adhesion points formation. These effects were much more evident with the combination treatments ([Figure 4](#fig4){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

NVP-LDE225 treatment potentiates antitumour activity of everolimus and sunitinib in RCC xenografts
--------------------------------------------------------------------------------------------------

As paracrine activation of Hh signalling in the tumour microenvironment provides a more favourable environment for tumour cellular proliferation, metastasis, and resistance to anticancer therapies ([@bib12]), we studied the effect of NVP-LDE225 combined with everolimus or sunitinib in Balb/c nude mice s.c. xenografted with 786-O SuR cells. *In vivo* administration of NVP-LDE225 combined with everolimus synergistically induced tumour growth inhibition ([Figure 5A](#fig5){ref-type="fig"}). In particular, untreated mice reached the maximum allowed tumour size, ca. 2 cm^3^, on day 49, only 2 weeks after the end of the treatment. At this time point, instead, NVP-LDE225 and everolimus produced 41% and 60% of growth inhibition, respectively. An even more potent effect was, however, observed in the group of mice treated with the combination of the two drugs, exhibiting 70% of tumour growth inhibition. NVP-LDE225-treated mice reached the tumour size of 2 cm^3^ on day 77, 6 weeks after the end of the treatment, whereas everolimus-treated mice reached the same tumour size slightly later, that is, on day 98, 9 weeks after the end of the treatment. Noticeably, the combination of NVP-LDE225 and everolimus caused a potent and long-lasting cooperative antitumour activity, maintaining the tumour size at 1.72 cm^3^ throughout the experiment. One-way ANOVA revealed that the differences in tumour size were statistically significant in all the treatment groups (combination *vs* single agents, *P* \<0.001 at the median survival of the control group; [Figure 5A](#fig5){ref-type="fig"}). Consistently, mice treated with the combined therapy showed a statistically significant prolonged median survival compared with control mice (combination *vs* control, median survival 78 *vs* 31.50 days, hazard ratio=0.03732, 95% CI=0.009228--0.1509, *P*\<0.0001; [Figure 5B](#fig5){ref-type="fig"}). Equally important, no significant signs of toxicity were observed in the combination group compared with single-agent treatments.

Western blot analysis done on tumours removed at the end of treatment (day 35) revealed that the combination of NVP-LDE225 and everolimus reduced by ∼50% the expression of *Gli-1*, a target gene of the Hh inhibitor. Although this combination only mildly reduced pAkt levels, it exhibited a much stronger inhibitory effect on p70S6K, MAPK, and paxillin (90%, 60%, and 70%, respectively). Interestingly, this combined treatment was also able to increase E-cadherin, and to decrease both vimentin and N-cadherin expression levels ([Figure 5C](#fig5){ref-type="fig"}). In effect, these protein markers are known to induce EMT, a process by which epithelial cells lose their cell polarity and cell--cell adhesion, and gain migratory and invasive properties, thereby becoming mesenchymal stem cells.

The *in vivo* antitumour activity of NVP-LDE225 combined with sunitinib is reported in [Figure 5D](#fig5){ref-type="fig"}. As expected, in 786-O SuR xenografts, sunitinib had a modest effect, with a 35% tumour growth inhibition. A more potent activity was observed in the group treated with the combination treatments, as evidenced by an overall 57% tumour growth inhibition. In effect, mice treated with the single agents exhibited only mild changes in tumour size, as opposed to the combined treatments. For instance, the tumour size of sunitinib-treated mice reached the size of 2 cm^3^ on day 70, 5 weeks after the end of the treatment. Similarly, NVP-LDE225-treated mice reached this same tumour size slightly later, on day 84, 7 weeks after the end of the treatment. By contrast, NVP-LDE225 in combination with sunitinib caused a potent and long-lasting cooperative antitumour activity, maintaining the tumour size at 1.92 cm^3^ until the end of the experiment. Thus, as revealed by one-way ANOVA, differences in tumour size were statistically significant in all treatment groups (combination *vs* single agents, *P*=0.003 at the median survival of the control group; [Figure 5D](#fig5){ref-type="fig"}). Consistently, mice treated with the combination therapy showed a statistically significant prolonged median survival compared with control mice (combination *vs* control, median survival 72.5 *vs* 35 days, hazard ratio=0.06644, 95% CI=0.01775--0.2487, *P*\<0.0001; [Figure 5E](#fig5){ref-type="fig"}). Moreover, the combined treatments were well tolerated, as no weight loss or other signs of acute or delayed toxicity were observed after treatment.

Western blot analysis done on tumours removed at the end of treatment (day 35) revealed that NVP-LDE225 combined with sunitinib was also effective in reducing the expression of Gli-1, a direct target of the Hh inhibitor (∼70%). Furthermore this combined treatment was also able to mildly reduce pAkt levels. However, it had a much more evident inhibitory effect on the activated forms of p70S6K, MAPK, and paxillin (75%, 80% and 90%, respectively). Interestingly, changes in the expression levels of the markers involved in EMT were also observed. Indeed, following the combined treatment, E-cadherin increased, and vimentin and N-cadherin decreased ([Figure 5F](#fig5){ref-type="fig"}). Furthermore, immunohistochemical staining of tumours demonstrated that, in addition to vimentin, CD31 (a marker of angiogenesis) and Mib-1 (a proliferation marker) expression levels were also reduced by the combination treatments. In particular, in untreated tumours, staining for vimentin produced a total score of 300 (strong 3+ in 100% of tumour cells), whereas tumours treated with the combined treatments yielded a total score of 80 (weak 1+ in 80% of tumour cells) and 75 (weak 1+ in 75% of tumour cells), respectively. Similarly, CD31 and Mib-1 expressions were decreased by both types of combined treatments ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

As expected, combination of NVP-LDE225 with everolimus, but not sunitinib, was effective in reducing hVEGF levels in tumour lysates obtained from 786-O SuR ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

Combination with NVP-LDE225 and everolimus or sunitinib inhibits distant metastases formation
---------------------------------------------------------------------------------------------

As our *in vivo* studies revealed expression changes of E-cadherin, vimentin, and N-cadherin on tumour samples derived from mice treated with the combination of NVP-LDE225 and everolimus or sunitinib ([Figures 5C--F](#fig5){ref-type="fig"}), we also investigated whether the combination therapies could block tumour metastatic behaviour. Therefore, we performed an artificial metastasis assay by injecting 786-O SuR cells into the tail vein of Balb/c nude mice (six mice per group), and then treated them with NVP-LDE225, everolimus, or sunitinib alone or in combination. To measure lung micrometastasis formation, we quantified the portion of human DNA in mouse lungs using real-time PCR for human *Alu* sequences, as previously described ([@bib39]). Untreated mice showed a detectable amount of human DNA in their lungs. No other site of distant metastases were observed in other organs (liver, spleen, brain, and bone). As expected, the combination of NVP-LDE225 with either everolimus or sunitinib was much more effective than single drugs in reducing levels of human DNA in mouse lungs ([Figures 6A--C](#fig6){ref-type="fig"}). Similarly, densitometric analysis on PCR bands further confirmed the effectiveness of the combination therapies even in blocking micrometastasis formation: NVP-LDE225 plus everolimus yielded a 60% inhibition, whereas NVP-LDE225 plus sunitinib yielded a 50% inhibition ([Figures 6B--D](#fig6){ref-type="fig"}). By contrast, single administrations of everolimus and sunitinib inhibited micrometastasis formation by 40% and 30%, respectively.

Discussion
==========

Renal cell carcinoma is a highly vascularised tumour in which angiogenesis is mediated by numerous proangiogenic factors. Conceivably, one of the major molecular pathways involved in RCC pathogenesis is the Hh signalling pathway. In effect, this pathway is critical to normal kidney development, as it regulates the proliferation and differentiation of mesenchymal cells in the metanephric kidney ([@bib45]). In addition, Hh is also involved in embryonic vasculogenesis and vascular remodelling ([@bib9]; [@bib44]). However, in cancer pathogenesis, it elicits tumour growth by interfering with both cancer cells and their microenvironment. Recently, small-molecule inhibitors of Hh signalling have been synthesised for cancer treatment, and the Hh pathway inhibitor vismodegib has been approved for patients with advanced BCC. However, this class of compounds has failed to show significant clinical activity in other solid tumours ([@bib30]), probably because multiple pathways are deregulated in cancerous cells.

In the present study, we evaluated the effects of the Hh signalling pathway inhibitor NVP-LDE225 on the growth and invasion of human RCC cells, both *in vitro* and *in vivo.* We also analysed whether NVP-LDE225 in combination with sunitinib or everolimus could serve as a therapeutic strategy potentially able to overcome RCC resistance to sunitinib. We demonstrated that Hh pharmacological inhibition cooperates with either everolimus or sunitinib in inhibiting proliferation, migration, and invasion of RCC cells. Evidence for the synergistic inhibitory action of these agents on tumour growth was supported by the reduced activation of proteins involved in cell proliferation and motility observed after the combination treatments. In particular, whereas NVP-LDE225 plus everolimus was more effective in reducing the expression of pAkt and pp70S6K in the 786-O SuR cell line, NVP-LDE225 plus sunitinib was effective only in reducing the expression of the activated form of MAPK. Moreover, whereas in 786-O SuR sunitinib alone was totally ineffective in inhibiting cell migration and invasion, both combinations markedly inhibited cell migration and invasion. In parallel, a reduction in the activity of transducers involved in migration/invasion pathways, such as p130Cas, FAK, and paxillin, was also observed after combination treatments ([Figure 3](#fig3){ref-type="fig"}). These results are corroborated by previous studies describing the crosstalk between Hh and other signalling pathways in many tumour types ([@bib4]). In pancreatic cancer, for instance, the combination of cyclopamine and the mTOR inhibitor rapamycin reduces the number of tumorigenic cancer stem cells, both *in vitro* and *in vivo*, whereas the administration of single agents does not ([@bib33]). Moreover, compelling recent evidence has reported that in PTEN-deficient glioblastomas, Shh and PI3K pathways synergize to promote tumour growth and viability, and targeting both pathways through the combination of NVP-LDE225 and the PI3K inhibitor buparlisib dramatically arrests tumour growth ([@bib19]).

Our data suggest that acquired resistance to the VEGFR TKI sunitinib can be reversed by the combination of NVP-LDE225 with either sunitinib or everolimus, as confirmed by *in vivo* experiments. When 786-O SuR cells were xenografted in nude mice, they maintained a certain degree of sensitivity to sunitinib ([Figures 5C and D](#fig5){ref-type="fig"}). This finding is consistent with other reports demonstrating that acquired resistance to VEGFR antagonists might, at least in part, be mediated by reversible changes. Indeed, studies have shown that tumours can restore their sensitivity to VEGF blockade after reimplantation in a naive host, and that 75% of genes, whose expression is altered upon resistance, appear to revert to baseline when tumours are reimplanted into mice ([@bib22], [@bib23]; [@bib47]). This event, besides highlighting the importance of the tumour microenvironment in mediating the inhibitory effect of TKIs against VEGFRs, further substantiate our finding on the putative role of Hh signalling in supporting the resistant phenotype *in vivo*. In our RCC models, combination of NVP-LDE225 with either everolimus or sunitinib had a potent antitumour effect on human renal cancer xenografts, as evidenced by the strong inhibition of tumour growth, prolongation of mice survival, and interference with signal transduction. We also demonstrated that these effects were associated with induction of E-cadherin expression and reduction in vimentin and N-cadherin. A possible explanation for this finding is that initiation of metastasis requires invasion, which is enabled by EMT ([@bib18]). More specifically, carcinoma cells in primary tumour lose cell--cell adhesion mediated by E-cadherin repression, break through the basement membrane with increased invasive properties, and enter the bloodstream through intravasation ([@bib7]; [@bib25]). In human non small-cell lung cancer cell lines, the induction of EMT by chronic exposure to TGF-*β*1 leads to the upregulation of Shh at both mRNA and protein levels, causing activation of Hh signalling. This process can though be attenuated by knockdown of Shh by siRNA or by the use of specific Hh inhibitors, as confirmed by the induction of the epithelial marker E-cadherin ([@bib29]). Consistently, our data suggest that the combined treatment of NVP-LDE225 and everolimus or sunitinib could interfere with the EMT process and distant metastatic spread. Indeed, combined treatments, especially with everolimus, not only significantly modulated EMT markers, as measured by IHC and WB analyses, but also reduced the formation of lung micrometastases in nude mice.

In conclusion, we have demonstrated that NVP-LDE225 combined with either everolimus or sunitinib is highly effective in inhibiting and delaying tumour growth, even in SuR cells. Mice treated with the combination treatment showed a statistically significant reduction in tumour growth that lasted weeks after the end of the combined treatment. Moreover, the combination treatments prolonged median survival among mice, as opposed to mice treated with single treatments or control. Overall, this study indicates that the pharmacological inhibition of aberrant Hh signalling could be integrated with current treatments for human RCC. Finally, our results warrant further studies to test novel and promising therapeutic approaches based on the combination of NVP-LDE225 and other targeted agents for RCC patients, including those resistant to sunitinib.

This study was supported in part by Associazione Italiana per la Ricerca sul Cancro My First Grant 2011--2014 (MFAG-11473) to RB, by the F.A.R.O. project 2011 to RB, by Ministero della Salute, Ministero dell\'Università e della Ricerca (PRIN 2010NFEB9L), and by Regione Campania POR Campania FSE 2007--2013, Project CREME (Campania Research in Experimental Medicine). Dr. Paola Merolla -- freelance stylistic editor of scientific manuscripts for ESL authors and course coordinator, and instructor of Manuscript Writing for Non-Native English Speakers, School of Molecular Medicine (Naples, Italy) -- edited and revised the text for language and clarity.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on British Journal of Cancer website (http://www.nature.com/bjc)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![**Expression of some of the Hh pathway transducers and the effect of Smo inhibition on human renal cancer cell lines.** (**A**) Western blot analysis on total cell lysates from ACHN, 769-P, 786-O, and 786-O SuR renal cancer cell lines. (**B**) Percentage of survival of ACHN, 769-P, 786-O, and 786-O SuR renal cancer cell lines treated with NVP-LDE225, as measured by MTT assay. Data represent the mean (±s.d.) of three independent experiments, each performed in triplicate, compared with control (cells treated with DMSO). Error bars indicate s.d. (**C**) Western blot analysis on total cell lysates from renal cancer cell lines treated with NVP-LDE225 at different concentrations. Densitometric measurements were normalised to *β*-actin and reported under western blot images.](bjc2014421f1){#fig1}

![**Combination of NVP-LDE225 and everolimus or sunitinib synergistically inhibits survival of human renal cancer cell lines.** (**A**) Percentage of survival of 786-O, 786-O SuR, and 769-P renal cancer cell lines treated with NVP-LDE225 and everolimus or their combination, as measured by the MTT assay. Data represent the mean (±s.d.) of three independent experiments, each performed in triplicate, compared with control (cells treated with DMSO). Western blot analysis on total cell lysates from 786-O, 786-O SuR, and 769-P renal cancer cell lines treated with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}) and everolimus (1 *μ*[M]{.smallcaps}) alone or their combination. (**B**) Percentage of survival of 786-O, 786-O SuR, and 769-P renal cancer cell lines treated with NVP-LDE225 and sunitinib, alone or their combination, as measured by the MTT assay. Data represent the mean (±s.d.) of three independent experiments, each performed in triplicate, compared with control (cells treated with DMSO). Western blot analysis performed on total cell lysates from 786-O, 786-O SuR, and 769-P renal cancer cell lines treated with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), sunitinib (1 *μ*[M]{.smallcaps}), alone or their combination. Error bars indicate s.d. Asterisks indicate statistical significance of combined treatment *vs* everolimus/sunitinib alone, as determined by Student *t*-test (\**P*\<0.05, two-sided; \*\**P*\<0.005, two-sided ). Densitometric measurements were normalised to *β*-actin and reported under the western blot images.](bjc2014421f2){#fig2}

![**Combination of NVP-LDE225 with everolimus and/or sunitinib efficiently blocks migration and invasion of human renal cancer cell lines.** (**A**) Percentage of migration of 786-O, 786-O SuR, and 769-P human renal cancer cell lines, as measured by wound-healing assay. (**B**) Percentage of invasion of 786-O, 786-O SuR, and 769-P human renal cancer cell lines, as measured by fibroblasts monolayer invasion assay. Data represent the mean (±s.d.) of three independent experiments, each performed in triplicate, as compared to control (cells treated with DMSO). Error bars indicate s.d. Asterisks indicate statistical significance of combined treatment *vs* everolimus/sunitinib alone, as determined by the Student *t*-test (\**P*\<0.05, two-sided; \*\**P*\<0.005, two-sided). (**C**, **D**) Western blot analysis of total cell lysates from 786-O, 786-O SuR, and 769-P human renal cancer cell lines treated with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (1 *μ*[M]{.smallcaps}), and their combination or with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), sunitinib (1 *μ*[M]{.smallcaps}), and their combinations. Densitometric measurements were normalised to *β*-actin and reported under western blot images.](bjc2014421f3){#fig3}

![**NVP-LDE225, everolimus, sunitinib, and their combination interfere with actin and with intracellular organisation of focal adhesion points.** Cytoskeleton organisation of 786-O SuR treated with NVP-LDE225 (2.5 *μ*[M]{.smallcaps}), everolimus (1 *μ*[M]{.smallcaps}), sunitinib (1 *μ*[M]{.smallcaps}), and their combination for 24 h was analysed by confocal microscopy. Actin-based structures were revealed by rhodaminated phalloidin staining (red fluorescence). Localisation of focal adhesion points was obtained by immunofluorescent staining of p-paxillin (green fluorescence). Merged row images show overlapping of p-paxillin and actin signals. Moreover, all captures were shown in transmitted light. Scale bars, 10 *μ*m.](bjc2014421f4){#fig4}

![**Combination of NVP-LDE225 and everolimus/sunitinib induces a cooperative antitumour effect in 786-O SuR tumour xenografts.** (**A**--**D**) After 14 days following injection of 786-O SuR cells, mice were randomised (10 per group) to receive one daily administrations of NVP-LDE225, everolimus, sunitinib, or their combination for 3 weeks (as described in Materials and Methods section). The one-way ANOVA test was used to compare tumour sizes between the different treatment groups with respect to the median survival of the control group (24.5 days). The results were statistically significant for the combination treatment as opposed to single agents (*P*\<0.001). (**B**--**E**) Median survival was statistically significant for the combinations *vs* control (*P*\<0.001), as evaluated by long-rank test. (**C**--**F**) Western blot analysis on total lysates from 786-O SuR tumour specimens of two mice per group killed on day 35. Densitometric measurements were normalised to *β*-actin and reported under western blot images.](bjc2014421f5){#fig5}

![**Combination of NVP-LDE225 and everolimus or sunitinib inhibits distant metastasis formation.** (**A**--**C**) PCR of DNA extracted from lungs of mice after tail vein injection of 786-O SuR cells. (**B**--**D**) Percentage of human *Alu* sequences in the lungs of mice after tail vein injection with 786-O SuR cells and treatment with NVP-LDE225, everolimus, sunitinib, or their combination, as described in the Materials and Methods section. Data were calculated with mean cycle threshold (CT) values, normalised for positive control. Data represent the mean (±s.d.) of three independent experiments, each performed in triplicate, as compared to single agent. Error bars indicate s.d. Asterisks indicate statistical significance of combined treatment *vs* everolimus alone, as determined by the Student *t*-test (\*\**P*\<0.005, two-sided).](bjc2014421f6){#fig6}
